In a 51-year-old patient of consanguineous parents with a severe neuromuscular phenotype of early-onset ataxia, myoclonia, dysarthria, muscle weakness and exercise intolerance, exome sequencing revealed a novel homozygous variant (c.-264_31delinsCTCACAAATGCTCA ) in the mitochondrial FAD-transporter gene SLC25A32. Flavin adenine dinucleotide (FAD) is an essential co-factor for many mitochondrial enzymes and impaired mitochondrial FAD-transport was supported by a reduced oxidative phosphorylation complex II activity in the patient's muscle, decreased ATP production in fibroblasts, and a deficiency of mitochondrial FAD-dependent enzymes. Clinically, the patient showed improvement upon riboflavin treatment, which is a precursor of FAD. Our results confirm the recently reported case of SLC25A32 as a cause of riboflavin-responsive disease. Our patient showed a more severe clinical phenotype compared with the reported patient, corresponding with the (most likely) complete absence of the SLC25A32-encoding MFT (Mitochondrial Folate Transporter) protein.
INTRODUCTION
Mitochondrial disorders are among the most common inherited neuromuscular disorders and are genetically and clinically highly heterogeneous. The limited genotype-phenotype correlations and extreme genetic heterogeneity make selection of a single candidate gene impossible for the majority of patients. Whole-exome sequencing is the best strategy to identify the nuclear genetic defect for these disorders, enabling identification of known disease genes or new candidate genes. Here we identified with exome sequencing a novel homozygous SLC25A32 null variant, causing complete absence of the protein or production of a dysfunctional protein, and resulting in a patient with a severe neuromuscular phenotype. This is the second patient reported with variants in this gene, the first being a patient with exercise intolerance and biochemical features of multiple acylcoenzyme A dehydrogenase deficiency. 1 
SUBJECTS AND METHODS Patient
The patient of consanguineous Dutch parents (first cousins) presented at the age of 3 years with muscle weakness after he had suffered from influenza. During childhood, he showed an impaired motor development and exercise intolerance. Subsequently, around the age of 20 years, he developed progressive dysarthria. In the last 10 years, this is accompanied with swallowing difficulties. In addition, he occasionally has myoclonic jerks. He is in a wheelchair (although not continuously) now at age 52. He has 2 brothers and 6 sisters, none of them clinically affected (Supplementary Figure 1a) . His blood tests showed an increased lactic acid of 5.7 mmol/l. Stainings of the patient's muscle tissue revealed the presence of many ragged-red fibres, as well as multiple cytochrome oxidase-negative muscle fibres. Biochemical measurement of complex I, complex II+III, complex IV and citrate synthetase activities was performed in muscle tissue as described before. 2 Activities of the patient's oxidative phosphorylation (OXPHOS) complexes I, II+III and IV in muscle biopsy revealed a complex II+III activity of approximately 44% of control muscle, indicating an OXPHOS complex II deficiency. Furthermore, measurements of isolated complex II activity in muscle showed a complex II activity of 36% of control muscle. In addition, oxygen consumption rate parameters in patient-derived fibroblasts showed decreased basal respiration levels and ATP production (Supplementary Figure 2) .
Whole-exome sequencing
Exome enrichment was performed by the Agilent SureSelectXT exome enrichment kit version 5 (Agilent Technologies, Santa Clara, CA, USA). Sequencing was performed by an Illumina NextSeq500 platform, using a 2 × 150 bp paired-end setting (Illumina, San Diego, CA, USA). Basecalling and demultiplexing was done using bcl2fastq 2.16.0; reads were aligned onto the human reference genome (hg19) by BWA 0.5.9; duplicates were removed using PICARD software suite 1.77 (Broad Institute, Cambridge, MA, USA); variant calling was performed using GATK 2.1-8 (Broad Institute). Annotations were added using an in-house developed annotation pipeline, which uses as resources amongst others Gencode V19, dbSNP144, ExAC v0.2, and CADD v1.3. Results were also compared to an in-house database that contains the occurrences amongst 7788 exomes. Targeted exome analyses of a panel of~450 nuclear genes was performed, containing known mitochondrial disease genes and functionally or clinically related genes. The data were filtered for homozygous and heterozygous non-synonymous variants, insertions and deletions (both in-frame and frameshift), nonsense variants and splice-variants, with allele frequencies o0.01 in the ExAC database 3 and in our in-house database. The impact of missense variants on protein function was estimated using the algorithms integrated in the Alamut software version 2.7 (Rouen, France). The pathogenic variant in SLC25A32 and the patient's phenotype were submitted to the gene variant database www.LOVD.nl/SLC25A32 (patient ID00092292).
RESULTS
Whole-exome sequencing was performed to identify the underlying genetic defect in the patient. Since the patient was suspected of having a mitochondrial disorder, targeted exome analyses of known mitochondrial disease genes, as well as functionally or clinically related genes, was performed. After filtering variants on allele frequency and predicted impact on protein function, only SLC25A32 contained two mutated alleles. The patient was homozygous for the SLC25A32 c.-264_31delinsCTCACAAATGCTCA variant (NM_030780.4), a novel variant that is not present in any of the SNP-databases and not reported before in patients. The presence of the variant was confirmed by Sanger sequencing in the index patient, whereas the variant was not detected in an unaffected brother (Supplementary Figure 1a) . Other siblings, as well as the patient's parents, were not available for testing.
The c.-264_31delinsCTCACAAATGCTCA variant deletes the methionine (AUG) translation start codon (Supplementary Figure 1b) , resulting in complete absence of the MFT protein or, alternatively, production of a dysfunctional protein due to the use of a downstream translation start codon. The second AUG-codon in the SLC25A32 gene is located in exon 4, however, this is not in the context of a Kozak consensus sequence required for translation initiation. 4 It is therefore most likely that the homozygous variant in our patient causes complete loss of the MFT protein.
MFT is a mitochondrial transporter of flavin adenine dinucleotide (FAD), a co-factor required for many mitochondrial enzymes. A causal role for the SLC25A32 variant in the patient's clinical and biochemical phenotype was therefore confirmed by the reduced activity of OXPHOS complex II, containing FAD-dependent succinate dehydrogenase (SDH), in the patient's muscle. Further support for the link between the SLC25A32 gene and the patient's phenotype was obtained from metabolic investigations ( Table 1) . Analysis of urinary organic acids revealed strongly increased excretion of isovalerylglycine, isobutyrylglycine and ethylmalonic acid, and acylcarnitine profiling in plasma showed increased levels of (iso)butyryl-, isovaleryl-, hexanoyl-, octanoyl-, decenoyl-, decanoyl-and glutaryl-carnitine esters. These metabolic results indicate decreased activities of multiple acylcoenzyme A dehydrogenases in the patient, corresponding with a dysfunctional FAD-transport.
After identification of the damaging variant in the SLC25A32 gene, encoding the mitochondrial FAD-transporter (MFT), as the causal genetic defect in the patient, oral supplementation with riboflavin at a dose of 10 mg three times a day was started. This showed improvement in the patient's clinical condition: Before starting the riboflavin treatment, he was able to walk a maximum distance of 100 m. One and a half month after starting riboflavin supplementation, the patient could walk at least 500 m. His endurance was increased, without a change in muscle strength.
DISCUSSION
Using whole-exome sequencing, we identified a novel homozygous variant in the SLC25A32 FAD-transporter gene causing a severe neuromuscular phenotype in a consanguineous Dutch family. The SLC25A32 c.-264_31delinsCTCACAAATGCTCA variant completely abolishes the translation start codon and it is therefore highly likely that the protein is either completely absent or dysfunctional, when an alternative start codon would be used. On the basis of this, we concluded that no functional MFT protein could be formed, and therefore we did not perform follow-up experiments. Because the patient's parents were not available for testing, the 'apparently' homozygous SLC25A32 variant can theoretically be hemizygous, due to a large deletion of one allele, which can not be detected by both sequencing methods used (exome sequencing and Sanger sequencing). Nevertheless, the consanguinity of the parents (first cousins) and the large homozygous region (LOH region) in which the variant is located, as shown in the exome data (data not shown), make homozygosity of the SLC25A32 variant in the patient highly likely. Only one other, recently reported patient has been described with SLC25A32 variants. 1 Remarkably, in comparison with the reported patient with late-onset exercise intolerance, our patient suffers from more severe, heterogeneous symptoms, involving early-onset ataxia, myoclonia, dysarthria, muscle weakness and exercise intolerance. The severe neuromuscular phenotype of our patient is probably explained by the type of variant resulting (very likely) in complete absence of the MFT protein, while the reported SLC25A32-patient with a milder phenotype is compound heterozygous for a nonsense and a missense variant.
MFT is a member of the large family of SLC25 solute carrier. 5 Embedded in the inner mitochondrial membrane, MFT transports flavin adenine dinucleotide (FAD) from the cytosol into the mitochondria. 6 The presence of mitochondrial FAD is necessary for many mitochondrial enzymes, including succinate dehydrogenase (SDH) and multiple acyl-coenzyme A dehydrogenases. Therefore, reduced mitochondrial FAD levels results in, amongst others, decreased mitochondrial β-oxidation and oxidative phosphorylation.
Supplementation with the FAD precursor riboflavin, or vitamin B2, raises the intra-mitochondrial FAD concentration, which might compensate for the decreased FAD binding of enzymes. 7 This is reflected by the clinical improvement of our patient upon riboflavin treatment.
In conclusion, we report the second patient with damaging variants in the SLC25A32 gene as a novel cause of riboflavin-responsive neuromuscular disease. Our data show that SLC25A32 variants can manifest clinically quite divers. SLC25A32 should be added to the list of candidate genes for patients with neuromuscular symptoms suspected of having a mitochondrial disorder, especially in case of a biochemical phenotype of FAD deficiency.
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